Mass spectrometry (Ms)-based proteomics is increasingly applied in a quantitative format, often based on labeling of samples with stable isotopes that are introduced chemically or metabolically. In the stable isotope labeling by amino acids in cell culture (sIlac) method, two cell populations are cultured in the presence of heavy or light amino acids (typically lysine and/or arginine), one of them is subjected to a perturbation, and then both are combined and processed together. In this study, we describe a different approach-the use of sIlac as an internal or 'spike-in' standard-wherein sIlac is only used to produce heavy labeled reference proteins or proteomes. these are added to the proteomes under investigation after cell lysis and before protein digestion. the actual experiment is therefore completely decoupled from the labeling procedure. spike-in sIlac is very economical, robust and in principle applicable to all cell-or tissue-based proteomic analyses. applications range from absolute quantification of single proteins to the quantification of whole proteomes. spike-in sIlac is especially advantageous when analyzing the proteomes of whole tissues or organisms. the protocol describes the quantitative analysis of a tissue sample relative to supersIlac spike-in, a mixture of five sIlac-labeled cell lines that accurately represents the tissue. It includes the selection and preparation of the spike-in sIlac standard, the sample preparation procedure, and analysis and evaluation of the results.
IntroDuctIon
Proteomic research analyzes cells, tissues and body fluids in a system-wide and unbiased manner. Today, the mainstream proteomic approach is 'shotgun' proteomics, in which complex protein mixtures are digested to peptides; these are then separated by reverse-phase liquid chromatography (LC) and analyzed by mass spectrometry (MS) 1, 2 . The LC-MS/MS run typically takes 2 h and is composed of thousands of repeating cycles that are made up of two basic units: an MS scan that determines the peptide intensities and mass to charge ratios (m/z) and an MS/MS scan in which a peptide precursor ion is isolated, fragmented and a spectrum of its fragments is obtained 3 . Normally, 5-10 peptides are fragmented for each MS scan. The fragment data from one or up to hundreds of LC-MS/MS runs is then searched in an amino acid sequence database to determine the peptide identity. With state-of-the-art technology, it is now possible to identify tens of thousands of peptides in a single chromatographic run, and to identify thousands of proteins from this information.
The functionality and significance of the expressed proteins cannot be assessed simply by their qualitative identification; rather this requires their quantification. Quantitative data can constitute the absolute number of molecules in a specific sample; for example, when measuring disease biomarkers one may strive to determine their amounts in nanograms per milliliter of blood. But, most commonly, quantitative studies instead aim to determine relative amounts, typically expressed as a fold-change between two or more different conditions. There is a wide range of experimental as well as computational methods for relative quantification, which differ in their accuracy, simplicity and applicability to various sample types [4] [5] [6] . 'Label-free' quantification methods compare peptide spectral counts or peptide intensities between separate LC-MS/MS runs of the samples to be analyzed. With appropriate computational tools, it is then possible to infer the difference in protein abundance between two samples [7] [8] [9] [10] . However, as the samples are processed and analyzed separately, the quantification accuracy is compromised when the number of unpaired steps in the procedure increases. Although they are not very accurate, these label-free algorithms can approximate the protein ratios between samples and can be quite appropriate when large fold changes are expected.
For more accurate quantification, most MS-based proteomic methods use labeling of samples with stable isotopes. This creates two versions of each peptide that differ only in the isotopic composition, but otherwise behave identically during sample preparation, separation and MS analysis. The relative ratios of the resulting peptide pairs are a direct measure of the relative abundance of the peptides in the samples to be compared. Differentially labeled samples are combined and analyzed together by MS, and appropriate software determines the signals and their ratios. Different tools have been developed for relative quantification based on stable isotopes, and they can be classified into two broad categories: chemical or metabolic labeling. In chemical labeling, distinct tags are added to the proteins or the peptides in vitro, giving this method the advantage of being applicable to basically all types of protein samples from cells to body fluids 11 . In metabolic labeling, by contrast, heavy isotopes are integrated into the proteome in the process of protein turnover in the living cell 12, 13 . This approach started with 15 N labeling of yeast cells 14 , which was followed a few years later by SILAC, in which cells are labeled with heavy and light amino acids 15, 16 . When selecting the quantification method, it is important to consider if it is appropriate to the samples of interest, as well as what the desired accuracy of quantification is. The accuracy of the different Use of stable isotope labeling by amino acids in cell culture as a spike-in standard in quantitative proteomics methods depends on the stage in the sample preparation process in which the label is integrated, the number of peptides per protein that are labeled and that are therefore available for quantification, and the total number of quantification data points generated in MS acquisition. Naturally, the earlier the samples are combined and the more measurement points for each protein ratio, the better the quantification will be.
In SILAC, proteins are labeled in cell culture with heavy forms of essential amino acids. Dialyzed serum is used so that the added amino acids are the exclusive source. In contrast to labeling with heavy nitrogen or carbon, the heavy amino acids create a distinct and known mass difference between the samples, and only affect the isotope distribution of the peptides in a minor and predictable way, thereby making data interpretation and quantification more accurate and robust. Typically, cells are labeled with lysine and arginine, which after protein digestion with trypsin, creates a complex peptide mixture where all peptides (except the C-terminal peptide of the protein) are labeled and can be used for quantification. Peptides are quantified from the MS scans, allowing multiple scans for each peptide across its elution time. Furthermore, protein quantification is usually based on the median values of multiple peptides, resulting in high accuracy of ratio determination. In SILAC experiments, the cells are grown for several passages in the presence of normal (light), medium or heavy amino acids. After the experiment is performed, cells are lysed, mixed, and the whole procedure of sample preparation and MS analysis is then done together (Fig. 1a) . Although SILAC appears to be the most accurate method for the quantification of proteins, until recently it has been limited to cells in culture. In the past few years, the applicability of SILAC has been broadened by labeling entire organisms 13 , including microorganisms (e.g., bacteria 17, 18 and yeast 7, 19 ), flies 20 and mice 21 . However, complete labeling of organisms may require extended time, which complicates the experiments. Furthermore, the SILAC diet, which must have a defined amino acid content, can sometimes interfere with the experimental design. A major principal limitation of SILAC, however, has been its restriction to systems in which the complete proteome can be labeled by proteome turnover. This excluded, for example, the quantitative analysis of human tissue samples. As we describe below, almost all of these restrictions can in principle be removed by using SILAC not in the experiment itself but to produce a SILAC-labeled spike-in standard 22, 23 .
SILAC as a spike-in standard
Here we describe protocols for a method in which SILAC-labeled samples are used as references to which the experimental samples are compared. In contrast to classical SILAC experiments, the SILAC sample is produced separately and is spiked into each of the experimental samples, which are then processed and analyzed together. Importantly, the experimental samples are prepared without any restriction on experimental design and in particular, normal media and amino acids are used. In the analysis, the sample is the 'light' SILAC population and the spike-in SILAC is the 'heavy' one. Peptide ratios between sample and the heavy spike-in standard are determined for each of the samples. As the standard is identical With the spike-in SILAC standard, the labeling is separated or 'decoupled' from the biological experiment, which is then carried out under normal cell culture conditions. After the experiment is performed, the non-labeled samples are combined with the SILAC standard and each of these combined samples is analyzed separately by LC-MS/MS. The difference between the experimental samples is calculated as the 'ratio of ratios', where the ratio of one sample relative to the standard is divided by the ratio of the other relative to the standard.
in all cases, the peptide fold-change ratio between the samples is then the 'ratio of ratios' (Fig. 1b) . The statistical errors in determining a ratio of ratios are higher than in the classical SILAC setup, which only involves a single ratio determination (Fig. 1) . However, for many experimental designs and statistical methods, the actual ratios can be used, thus avoiding the propagation of errors. For example, when multiple tissue samples are measured, the obtained ratios to the standard can be directly compared without the need to normalize to a common control tissue. These ratios can be used for t-tests, principle component analyses, clustering and so on. The choice between a classical SILAC strategy and a spike-in SILAC strategy depends on the question asked and the systems used (Box 1). SILAC as an internal standard has the primary advantage of decoupling the labeling from the experiment. This has many other practical advantages. For example, the labeled standard can be produced very economically in large amounts, aliquotted and stored for long periods. The experiments are performed in exactly the way that they normally would be, without any influence of the labeling process. Furthermore, with internal standard there is no limit to the number of samples that can be analyzed. In contrast, the classical SILAC setup is limited to three samples in a direct comparison. Most notably, these spike-in standards can be used in the analysis of cells and tissues that cannot be SILAC labeled, thereby expanding the reach of SILAC-based quantitative proteomics.
Selection and production of the SILAC-labeled internal standard.
Metabolic labeling with amino acids involves growing the cells or organisms in the presence of heavy labeled amino acids (usually produced with 13 C and/or with 15 N) instead of their normal counterparts. The basic procedure of labeling is the same for spike-in SILAC as for classical SILAC experiments. Protocols for the classical SILAC experiments have been described previously 15, 24 . First, heavy amino acids have to be essential ones, otherwise complete labeling cannot be achieved. Second, the mass difference between the heavy and the normal amino acids should be at least 4 Da, otherwise the natural isotope distributions of the SILAC peptide pairs will partially overlap. Third, the selection of amino acids should match the enzyme used for protein digestion. For example, trypsin cleaves C-terminal to lysines and arginines; therefore, labeling with heavy forms of these amino acids creates a peptide mixture where almost all peptides can be used for quantification. Furthermore, for use as a spike-in standard, the SILAC-labeled proteome should be similar to the proteomes under investigation to provide counterparts to the expressed proteins and to allow accurate ratio determination. However, this similarity does not have to be very high, and even proteins that are low in the standard may still be identified and quantified (see TROUBLESHOOTING). More generally, it is important to realize that the spike-in standard only serves as a source of peptides to quantify against. It does not necessarily need to represent the biological conditions and processes under investigation. As an example, cell lines can be used as spike-in standards for in vivo investigations even if the process of interest only occurs in vivo. The only requirement is that the proteomes are sufficiently similar to allow quantification. To determine in advance whether the spike-in standard is sufficiently similar to the experimental sample, we recommend performing a small-scale experiment, analyzing the data and determining the similarity as described below.
The spike-in SILAC strategy can be used for a wide variety of biological questions. Applications range in complexity from single proteins to highly complex tissues, such as human tumors (Fig. 2) . We will discuss each of these applications in turn.
Single SILAC protein (absolute SILAC). Biological and even proteomics experiments often include the analysis of single proteins and the determination of their relative or absolute amounts. Several methods in MS-based proteomics have been developed for this purpose; e.g., absolute SILAC 17 , AQUA 25 , QConCAT 26, 27 and FLEXIquant 28 . In the SILAC paradigm, single, recombinantly produced and purified SILAC-labeled proteins can be spiked into different samples, then digested together with the sample and analyzed in the mass spectrometer 17, 29 . In comparison with the synthesis of labeled peptides 25 , quantification on the basis of whole proteins has the advantage that the reference protein is digested and processed together with the proteome, which automatically corrects for inevitable differences in the preparation procedure. Furthermore, in absolute SILAC the quantification of each protein can be based
Box 1 | HoW To CHooSE BETWEEN CLASSICAL SILAC ExPERIMENT AND SILAC SPIKE-IN STANDARD
The advantages of spike-in SILAC standard are described thoroughly in the main text. However, in cell line experiments it is possible to choose whether to use the classical approach or the spike-in standard approach, and it is therefore important to understand the principal differences between the two options. Quantification errors: In classical SILAC experiments, the results are based on the ratios between the samples, whereas when using a spike-in standard it is often the ratio of ratios, leading to an increase in the quantification variation. This effect will also take place when you combine two triple-SILAC experiments. The relative statistical error of a ratio of ratios is the square root of the sum of the squares of individual relative errors. Comparison between samples: Owing to the partial stochastic nature of shotgun proteomics, when the proteome coverage is low, the overlap between runs is also low, and it is difficult to compare samples. Naturally, the aim should always be to achieve high proteome coverage. This problem is irrelevant in classical SILAC experiments, as all the peptides are directly compared in a single analysis.
Complexity of MS spectra:
The complexity of the MS spectra is 1.5-fold higher in triple-labeled samples than in spike-in standard experiments. High complexity may lead to lower numbers of identified proteins due to re-sequencing of peptides in the different SILAC states. Measuring time: With a spike-in standard each sample is measured separately, and therefore the measuring time is threefold longer than for triple-SILAC experiments, and twofold longer than for double-SILAC experiments.
on multiple peptides, making the quantification more precise. This method can either be used for relative quantification by reference to the same amount of internal SILAC protein, or for absolute quantification of the proteins provided that the exact amount of the purified protein has been determined beforehand.
Recombinant proteins can be expressed in various ways ranging from in vitro systems, to bacteria and to mammalian cells. These systems should be auxotrophic for arginine and lysine in case of trypsin digestion or auxotrophic for lysine in case of LysC digestion. For some microorganisms, this can be achieved by deletion of the enzymes in the pertinent amino-acid synthesis pathways. For example, for the production of arginine and lysine auxotrophic Escherichia coli strain, the enzymes ArgA and LysA are deleted, which are essential for the synthesis of the corresponding amino acids 17 .
Spike-in standard for single cell types. If a single cell type is to be quantified, the SILAC experiment will normally be performed in a classical format. Nevertheless, the generic advantages of spike-in SILAC may make it an attractive alternative in these cases, too (see Box 1). For example, the spike-in standard has the advantage that the experimental cells are maintained in their normal state and are not affected by the special media required for SILAC or by the use of dialyzed serum. Furthermore, the same standard can be used for multiple similar cell lines, and there is therefore no need to label all of them. In the case of yeast and several other microorganisms, arginine and proline interconversion can be high. This can lead to incomplete labeling of arginine-containing peptides or complex spectra for proline-containing peptides, which are observed in several states. In yeast, therefore, lysine labeling and LysC digestion are often preferred 30 . This problem can also elegantly be solved by genetic engineering, by deleting the enzymes necessary for amino acids conversion 31 .
SILAC-labeled multicellular model organisms as spike-in standards. SILAC labeling of whole organisms requires preparation of food that contains the SILAC amino acid as the sole source and that is compatible with the growth of the organism 13 . Full incorporation requires the turnover of the organism's entire proteome, which can be achieved by feeding it for more than one generation with food that contains heavy amino acids in place of the normal ones. These then represent the real complexity of the organism and the specific organs and tissues of interest, including extracellular proteins and body fluids 21 . As in the case of individual cell types, labeling multicellular organisms with arginine can raise difficulties as a result of the different rates of arginine to proline conversion; therefore, most model organisms are labeled only with lysine. Drosophila can be labeled by feeding the flies with heavy labeled yeast 20 . SILAClabeled mice have been generated by feeding them with a 13 C 6 -Lyscontaining diet 21 . After two generations, they are fully labeled and can serve as a spike-in standard for the analysis of mouse tissues and body fluids. After establishing a mouse colony, it can be maintained by exclusively feeding the mice with SILAC food.
We recommend using the SILAC model organisms as standards rather than as the experimental system themselves. In the SILAC mouse diet, amino acids substitute for complete proteins; in addition, it has a high sucrose content, which may have metabolic effects and thereby affect biological results. Note, however, that if SILAC-labeled mice were to be used in the classical approach, both 'heavy' and 'light' mice would show the same effects and differences would not be apparent between case and control. Moreover, with the spike-in standard approach, the same SILAC mice can be used for experiments with mouse strains of various genetic backgrounds 32 .
Super-SILAC approach for the analysis of complex samples.
Tissue proteomics has always posed a special challenge as a result of the great complexity of the sample, which consists of many different cell types and extracellular components. In particular, for many years SILAC was considered not to be applicable to tissues due to the inability to label them, especially human ones. Use of SILAC-labeled cells as standard solves this problem, because the quantification of each of the tissue samples can be performed relative to a standard that can readily be labeled. This approach has been demonstrated for the first time by spiking labeled Neuro2A cell lysates into mouse brain tissue lysates 23 . Depending on the complexity of the tissue, however, using a single cell line as representative of the tissue may be insufficient. Furthermore, when the samples of interest are diverse (e.g., tumor samples), a single cell line may not represent this variability. To overcome these challenges, one can mix several SILAC-labeled cell lines that together serve as the spike-in standard 22 . This creates a super-set of SILAClabeled cells, termed a 'super-SILAC' mix. The super-SILAC mix is more representative of the tissue, resulting in more easily quantifiable ratios between the proteins in the standard and the tissue of interest.
In our initial description of the super-SILAC approach, we used five cell lines to represent the breast cancer proteome 22 . In general, we recommend creating a mix of 2-5 cell lines. Mixing too many samples will dilute each one, and result in decreased representation of cell-specific proteins. The selection of the cell lines in the mix should be based on the difference between them and on the similarity of each of them to the experimental sample. The cell lines should differ as much as possible from one another, but should still be similar to some of the experimental samples. Using two highly similar cell lines in the mixture would not contribute to the diversity of the represented samples and therefore should be avoided. Optimal selection and evaluation of the super-SILAC mix can be performed in silico, given proteome measurements of the target proteome and the proteomes of the potential components of the super-SILAC mix (T.G., unpublished data).
Design of a SILAC experiment. At first, the researcher must consider the biological question and the system studied. The makeup of the SILAC standard will vary depending on the complexity of the system of interest, ranging from single proteins to a complex mixture of thousands of proteins, and the approach will depend on the variability of the samples. For each purpose, a specific SILAC strategy can be selected (Fig. 2) . The classical SILAC approach should be used in simple experiments, in which 2-5 samples are compared and the samples can be easily labeled without affecting the results. In these cases, the cell lines can be labeled with lysine and arginine in a double-or triple-SILAC format, thus yielding the greatest possible quantitative accuracy. When 4 or 5 samples are compared, they can be split into two experiments, which are later combined based on a common experimental point.
In contrast, a single cell line spike-in standard should be used when multiple samples with high similarity are studied, or in cases where growing the cells in SILAC medium might affect the results. Of course, SILAC-labeled organisms can be used to study these same organisms. Owing to the relatively large investment required for the creation of a SILAC-labeled mouse colony, this effort is recommended mainly for large-scale and long-term studies. It is also possible to purchase specifically labeled mouse organs from commercial sources (at this time, Silantes or Cambridge Isotope Laboratories). We recommend using super-SILAC whenever possible because it is robust, economical and easy to apply for any biological laboratory. In particular, it can be used for tissue analysis, for organisms that cannot be labeled, and for samples with large variability. In the future, ready-made super-SILAC mixes-associated with in depth proteomic characterization of their proteomes-are available from central distributors or from commercial sources, thus further simplifying the quantitative proteomics experiment.
MS analysis and processing of data in MaxQuant.
To achieve data of high quality, it is necessary to perform MS analysis on instruments with high resolution, high mass accuracy, high dynamic range and high sequencing speed. In our laboratories, we use linear ion trap-Orbitrap instruments (LTQ-Orbitrap or LTQ-Orbitrap Velos) [33] [34] [35] . In combination with proper sample preparation procedures and data analysis, this should result in in-depth coverage; in our hands, typically to more than 4,000 quantified proteins in a mammalian proteome. Coverage of a large or at least consistent part of the proteome in each experiment is important in order to be able to compare multiple samples in an experiment. One sample preparation protocol is described below, but other alternatives may also be suitable and are described elsewhere 36, 37 . We recommend the MaxQuant software 38 for data analysis (a detailed protocol has been described before 39 ). MaxQuant detects peaks, isotope clusters and SILAC pairs as three-dimensional peaks in the m/z, elution time and intensity space. Mass accuracy in the p.p.b. range is achieved by multiple peptide mass measurements along the elution profile, resulting in higher confidence in peptide and protein identification 40 . MaxQuant quantifies thousands of SILAC pairs in a single LC-MS run, leading to very accurate quantification of thousand of proteins 38 . In this protocol, we describe a workflow of quantitative analysis of a tissue sample relative to a super-SILAC mix. We chose this application because of the challenge of tissue quantification and the dramatic simplification with the spike-in SILAC approach. We describe the labeling process and quality check of the SILAC standard, which are a precondition for the success of the method. We continue with lysis and protein digestion, where we follow the filter-aided sample preparation (FASP) method 41 , and fractionation with strong anion exchange in a StageTip format 42 . However, the spike-in SILAC approach is not restricted to this procedure and it can be used with other digestion and fractionation methods. In particular, the method can readily be combined with the enrichment of modified peptides.
MaterIals

REAGENTS
Cell lines to serve as the spike-in standard.
To select an appropriate set of cell lines for the super-SILAC spike-in, it is possible to perform a small-scale, label-free analysis of the candidate cell lines and the tissue of interest. The label-free data can give an estimate of the correlation between the cell lines and the correlation to the tissue and suggest the optimal standard. 15 N 4 -L-arginine (arginine 10). To prepare stock solutions, amino acids should be
for arginine. These concentrations are 1,000-3,000-fold higher than the final concentrations necessary for normal cell growth and proper labeling. The exact amounts should be titrated for each cell line and batch of amino acids. Stock solutions can be stored for 1 month at 4 °C. 
SDS lysis buffer
3|
Exchange the medium every 2-3 days.
4|
After five doublings, process a small aliquot of the culture (10 5 cells or more) for labeling check.
labeling check 5| Lyse the sample from Step 4 with 50 µl SDS lysis buffer.
6|
Process and digest 20-50 µg of the sample according to standard protocols. A recommended workflow is described below (Steps 16-19 and 24-38).
7| Purify 5-10 µg of the peptides from Step 6 on C 18 StageTips 43 (or equivalents).  pause poInt StageTips can be stored for several months at 4 °C.
8| Elute peptides from the StageTips with buffer B.
9| Remove ACN by vacuum concentrator to reach a volume of 2-5 µl, and dilute with buffer A* to a volume of 5-10 µl.
10| Inject 2-5 µl of peptides onto the column for nano-LC-MS/MS analysis.
11|
Analyze the samples with MaxQuant according to the previously published protocol 39 . Specifically, for the labeling check, analyze the files as 'double labeled' with the appropriate heavy amino acids. Add the variable modifications 'methionine oxidation', 'N-term acetylation' and 'heavy proline' (to check arginine to proline conversion). Add 'fixed modification of carbamidomethyl cysteine' . In the 'Identify' module, do not use the 're-quantify' option.
12| Analyze the peptide.txt output file to calculate the incorporation rate. Distinguish between lysine-and argininecontaining peptides. For each of these subsets determine the incorporation rate as 1-1/average ratio, using the non-normalized ratios. The density plot of the density distribution should be narrow, and for both lysine and arginine it should be above 0.95. In cases where arginine incorporation is significantly lower than lysine incorporation, there is probably proline to arginine conversion. Continue labeling the cells with higher arginine concentrations. Arginine to proline conversion can be seen in the evidence.txt table. The number of cases in the evidence.txt table that contain heavy proline indicate the extent of conversion. Heavy proline-containing peptides can be seen as extra peaks with a mass difference of 6 Da from the heavy peaks. In cases in which heavy proline is seen in more than 1-2%, lower the arginine concentration. Alternatively, titration of the light proline concentration may be effective 44. preparation of super-sIlac mix 13| Calculate the amount of protein needed for the spike-in standard. Count the number of samples in the whole experiment and multiply by the amount of material for each experiment. For standard proteomic analysis, 50-100 µg will be needed per sample.  crItIcal step Always prepare an excess of standard. ? trouBlesHootInG 14| Grow a sufficient number of SILAC-labeled cells for the whole protein amount (see Steps 1-4).
15|
Lyse the cells with SDS lysis buffer (approximately 100 µl buffer per 10 6 cells).
16|
Incubate the lysate at 95 °C for 5-10 min.
17| Sonicate for 20 s (output control 3; duty cycle 20%).
18| Centrifuge for 5 min at 16,000g at room temperature.
19|
Estimate protein concentration of the supernatant using established methods that tolerate high SDS and high DTT concentrations. We recommend the method of fluorescence measurement relative to tryptophan fluorescence emission at 350 nm with an excitation wavelength of 295 nm.
20|
To create the SILAC standard, mix equal protein amounts of the labeled cells from the different cell lines.  pause poInt You can aliquot the lysates, snap-freeze them and store them at − 20 °C for one year.
sample preparation-Fasp 21| Homogenize a tissue sample with SDS lysis buffer.
22|
For sample processing, repeat Steps 16-19.
23|
Mix the tissue lysates with the super-SILAC mix at a ratio of 1:1 (amounts of protein).
24| Dilute 100-200 µg protein from
Step 23 approximately 1:8 in urea buffer.
25|
Place a FASP filter in a collection tube, and load the mixture from the previous step onto the FASP filter.
26|
Centrifuge at 14,000g for 15 min.
27|
Add 200 µl of urea buffer to the filter and centrifuge at 14,000g for 15 min.
28|
Discard the flow-through from the collection tube.
29| Add 100 µl of 50 mM iodoacetamide in urea solution, mix for 1 min at 600 r.p.m. in a thermomixer and incubate for 20 min in the dark.
30|
Centrifuge the filter at 14,000g for 10 min.
31|
Add 100 µl urea buffer and centrifuge at 14,000g for 10 min. Repeat this step twice.
32| Add 100 µl of 50 mM ABC to the filter and centrifuge at 14,000g for 10 min. Repeat this step twice.
33| Add 40 µl of 50 mM ABC buffer with 1-4 µg trypsin (the enzyme-to-protein ratio is between 1:50 to 1:100).
34|
Incubate the filters in a wet chamber at 37 °C for 4-18 h.
35|
Transfer the filter to a new collection tube.
36|
37|
Add 50 µl of 50 mM ABC buffer and centrifuge the filter at 14,000g for 10 min.
38|
Measure peptide concentration with a UV spectrophotometer. Record the spectrum from 240 to 340 nm. It should have a distinct peak at 270-280 nm.  pause poInt Peptides can be frozen and stored at − 20 °C for 6 months.
saX in a stagetip format 39| For each sample, prepare one SAX StageTip by stacking six layers of Empore anion exchange disks.
40|
For each sample, prepare six C 18 StageTips by stacking three layers of Empore C 18 disks.
41| Activate SAX StageTips with one 100 µl methanol wash, followed by one 100 µl 1 M NaOH wash and then by two washes with 100 µl of pH 11 SAX buffer.
42| Activate C 18 StageTips with one 100 µl methanol wash, followed by one 100 µl buffer B wash and one 100 µl Milli-Q water wash.
43| Dilute 30-50 µg of the peptides from
Step 38 in SAX buffer, pH 11, to make up to 200 µl. Check the pH; if it is < 11, titrate with NaOH.
44|
Assemble each SAX StageTip into a C 18 StageTip and place in a collection tube. Make sure that the assembled tips can fit your centrifuge; otherwise, cut the top part of the SAX StageTips.
45|
Load the diluted peptides onto the SAX StageTips and centrifuge at 4,000-7,000g for 3 min or until all the sample has passed through both filters.
46|
Add 100 µl of pH 11 SAX buffer to the same SAX StageTips. Repeat centrifugation.
47|
Transfer each SAX StageTip to the second C 18 tip; add 100 µl of pH 8 SAX buffer and centrifuge.
48| Continue subsequently eluting with SAX buffers at pH 6, 5, 4 and 3.
49| Wash the C 18 StageTips with HPLC buffer A.  pause poInt StageTips can be stored for several months at 4 °C.
50|
For elution of the peptides for MS analysis, repeat Steps 8-10.
51|
In the LC-MS/MS analysis, we recommend gradient lengths of up to 4 h.
MaxQuant analysis 52|
Analyze the data with MaxQuant according to the published protocol 39 . Specifically, for this protocol, in the Quant.exe select 'double labeling' and the appropriate amino acids. In the Identify.exe file, select the 're-quantify' option, and select the 'match between runs' option. Load the necessary files according to the protocol and keep other settings as the default.
53|
To check the quality of the standard, analyze the proteinGroups.txt file. A histogram of the 'ratio H/L normalized' (i.e., SILAC ratio of heavy to light) can show how well the standard represents the sample.
54|
Compare the different samples by dividing the normalized ratios of one sample by the normalized ratios of the other. For the comparison of multiple samples, the normalized ratios can be clustered. Groups of samples can be analyzed by standard statistical tests (see Fig. 3 ). ? trouBlesHootInG ? trouBlesHootInG Insufficient spike-in standard for project completion It is the principle of this method that all samples are compared to exactly the same standard and the samples are compared by the ratio of ratios. To avoid changing the standard in the middle of the experiment, prepare it in excess amounts and store frozen aliquots. In case the amount is insufficient, you can prepare a new standard and continue your experiments with it. You will be able to compare the two sets after normalizing to the differences between the standards. Make sure you have a small amount of the old standard available for such a comparison. Although it would still be possible to analyze the data, it is not advisable to change standards in the middle of experiments, as this can increase quantification inaccuracies.
Quantification of peptides with high ratios
When analyzing tissue samples with a cell line spike-in standard, you should aim to have ratios < 10-fold in order to achieve accurate quantification (Fig. 3a) . However, in some cases, it is inevitable to have proteins that are not represented by the cells (for example, extracellular matrix proteins). Note that these proteins can still be identified, but in some cases their quantification might be less accurate. To quantify these outliers, it is possible to estimate a ratio relative to a low-level SILAC counterpart (re-quantify feature in MaxQuant). Alternatively, it is possible to compare these outliers between two tissues using the label-free algorithms in MaxQuant. When multiple proteins are not represented in the standard, the global ratio distribution might be bimodal (Fig. 3b) . As a result, the overall normalized ratios might be shifted and the calculation of the ratio of ratios would be inaccurate. To correct for this effect, the normal part of the distribution should be centered at the 1:1 ratio (0 on the log scale), by normalization to the most frequent value in the distribution (Fig. 3b,c) .
In order to correct the inaccurate ratios experimentally, it is possible to mix the sample and the standard in ratios other than 1:1. For example, analysis of the same sample three times with different sample-to-standard ratios (e.g., 1:1, 1:5, 5:1) would reduce the number of proteins with high ratios 23 .
Missing values
Any proteomic experiment that compares multiple runs may be compromised when different subsets of the proteome are identified and many missing values appear in the overall comparison of the samples. This problem is avoided in the classical SILAC approach, as the peptides are directly compared in the same run (Box 1), but is limited to three states. To reduce the number of missing values, it is important to identify large proportions of the proteome and thereby have very high overlap between experiments. Furthermore, mass spectrometers with high resolution and high mass accuracy enable reliable transfer of identification between runs ('match between runs' feature in MaxQuant). This way, these missing identifications are taken from other runs, and their quantitative information can be used. 
